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This study presents new thickness maps of post-Cretaceous sedimentary strata beneath central London.
>1100 borehole records were analysed. London Clay is thickest in the west; thicker deposits extend as a
narrow ﬁnger along the axis of the London Basin. More minor variations are probably governed by
periglacial erosion and faulting. A shallow anticline in the Chalk in north-central London has resulted in a
pronounced thinning of succeeding strata. These results are compared to the position of London
Underground railway tunnels. Although tunnels have been bored through the upper levels of London
Clay where thick, some tunnels and stations are positioned within the underlying, more lithologically
variable, Lower London Tertiary deposits. Although less complex than other geological models of the
London Basin, this technique is more objective and uses a higher density of borehole data. The high
resolution of the resulting maps emphasises the power of modelling an expansive dataset in a rigorous
but simple fashion.
 2015, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).1. Geological background
The centre of London, the largest city in the EU with a popula-
tion approaching 15 million, is located approximately on the axis of
an EeW-trending syncline that constitutes the greater part of the
London Basin. This structure formed during late-Oligocene to mid-
Miocene times in response to the Alpine orogeny (Ellison et al.,
2004). Cretaceous chalk is the major aquifer: in central London,
the Chalk is covered by a thick (up to 70 m) blanket of Cenozoic
sediments. These sediments include the Eocene-aged London Clay
Formation, though which much of the London Underground
network was bored, and the more varied underlying strata collec-
tively termed the Lower London Tertiary deposits (Sumbler, 1996;
Ellison et al., 2004).
Attempts to model or map the sub-surface geology of the Lon-
don Basin initially focused on a limited number of heavily simpli-
ﬁed cross-sections through the entire basin (Whittaker, 1872, 1889;
Dewey and Bromehead, 1921). Indeed, the geological structure of
the Cretaceous and Palaeogene sediments that overlie the Palae-
ozoic basement (the London Platform) has been described asof Geosciences (Beijing).
eijing) and Peking University. Produ
c-nd/4.0/).“relatively simple” (Ellison et al., 2004). Only two faultsebetween
Wimbledon and Streatham, and at Greenwicheare currently shown
on the largest-scale geological maps. However, minor faults and
folds superimposed on this simple synformal structure have been
known for nearly a century (Wooldridge, 1923, 1926). Currently,
there is a growing body of evidence for a considerably greater de-
gree of complexity in the structure of the Chalk and the succeeding
stratigraphy, localised swarms of sub-vertical faults, and
Pleistocene-aged periglacial erosive features (Berry, 1979;
Newman, 2009; Newman et al., 2010; Royse, 2010; Royse et al.,
2012).
Such discoveries have largely arisen due to a major leap forward
in our collective computational ability to model the sub-surface in
three dimensions. 3D block models have typically been applied to
the entire London Basin (Royse, 2010; Mathers et al., 2014), or to
discrete localities with implications for major civil engineering
projects (e.g. Aldiss et al., 2012). This study focuses upon an inter-
mediate scale: central London, as approximately delineated by the
central Travel Zone 1 of Transport for London (Fig. 1). Surfaces and
isopachs of the Palaeogene sedimentary succession are computed
and discussed with reference to the position of deep London Un-
derground railway tunnels.1122 records from the British Geological
Survey (BGS) borehole scan archive were extracted and processed
(available in the Supplementary Materials attached to this article).ction and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-
Figure 1. (a) Topographic map of central London, based on borehole elevation data. Open circles ¼ 1122 boreholes used in this study. GP ¼ Green Park; SP ¼ St James’s Park; Ba ¼ Bank of England; Br ¼ British Museum;
Bu ¼ Buckingham Palace; C ¼ Piccadilly Circus; E ¼ Elephant and Castle; K ¼ King’s Cross railway station; N ¼ Natural History Museum; P ¼ Paddington railway station; T ¼ Tower of London. (b) Topographic map based on OS Terrain 5,
a 5 m-resolution Digital Elevation Model (DEM). Anomalous linear features in NE ¼ railway cuttings. Blue lines ¼ subterranean rivers (Barton, 1992; Paul and Blunt, 2012). (c) Landsat satellite image. Lettered black circles ¼ location of
photos in Fig. 3. (d) Superﬁcial and bedrock geology, digitised from the BGS DiGMapGB geological dataset.
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J.D. Paul / Geoscience Frontiers 7 (2016) 273e286 275Fig. 1a shows their distribution within central London, together
with an elevation model calculated from the surface elevation of
each borehole record. This model compares favourably with a 5 m-
resolution Digital Elevation Model (DEM) derived from satellite
data (Fig. 1b), emphasising the virtue in generating objective, full-
dataset topography using borehole records, and the potential to
map the sub-surface topography of geological interfaces.Figure 2. Generalised central London stratigraphic column. Thickness values on left ¼ ran
Group; Thanet Sand; Chalk). Thickness values on right ¼ typical strata thickness in the Lon1.1. Stratigraphy
The depositional environments and variation in facies of the
Palaeogene succession have been well documented (e.g. Sumbler,
1996; Ellison et al., 2004; Royse et al., 2012), the following sec-
tion is therefore a brief summary. Fig. 2 is a generalised strati-
graphic column for the study area.ge of borehole data for 6 units (made ground, drift/alluvium; London Clay; Lambeth
don Basin (Ellison et al., 2004; Royse et al., 2012).
J.D. Paul / Geoscience Frontiers 7 (2016) 273e2862761.1.1. Chalk
Formerly divided at the Formation level into Upper, Medium,
and Lower divisions, new divisions have recently been deﬁned on
the distribution of hardgrounds, chert horizons, and other marker
beds (Royse et al., 2012). Only 6 of the 1122 borehole records
penetrated through the entire Chalk succession, revealing a range
of thicknesses between 162 and 192 m beneath central London (c.f.
“155e265 m” and “w200 m” for the London Basin; Ellison et al.,
2004; Royse et al., 2012). The Chalk was deposited during mid- to
late-Cretaceous times in openmarine conditions, presently forming
prominent topographic escarpments on the N and S of the basin
(the Chilterns and North Downs, respectively). As the region’s
principal aquifer, the Chalk is famous historically for natural arte-
sian ﬂow, which once provided water for the fountains in Trafalgar
Square (Marsh and Davies, 1983; Paul and Blunt, 2012). Beneath the
Chalk, Upper Greensand deposits locally overlie stiff grey Gault
clays, which are present across the entire basin.
1.1.2. Thanet Sand Formation
Resting unconformably but in hydraulic continuity with the
eroded upper Chalk surface, the Thanet Sands are generally
disposed as a coarsening-upward sequence of very dense, medium-
ﬁne, glauconitic silty sands, thickening to a maximum ofw30 m in
the SE. The unit contains a basal layer, up to 0.5 m thick, of cobble-
sized chalk-derived ﬂints known as the Bullhead beds (Sumbler,
1996; Ellison et al., 2004). Dewatering is often required prior to
tunnelling work (Aldiss et al., 2012).
1.1.3. Lambeth Group
The most widely recognised facies of these rocks within the
borehole recordsof central London is the red tobrownmulticoloured
clays of the “mottled beds” (upper and lower mottled clay of Ellison
et al., 1994). Otherwise, the Lambeth Group is strongly variable in
composition both laterally and vertically, comprising a complex
assemblage ﬁne silty sands, shell beds, thin limestone bands, sandy
clay, and sandy ﬂint gravels, representing varied ﬂuvial and coastal
depositional environments, and small but signiﬁcant changes in sea
level (Ellison et al.,1994; Page and Skipper, 2000). A signiﬁcant non-
sequence, themid-Lambethhiatus, hasbeenused to infermovement
on hitherto unknown fault planes (Newman et al., 2010). Ellison
(1983) originally identiﬁed 6 main lithofacies, followed by a
further revision into 3 depositional sequences: the Woolwich For-
mation, thickest in the east; the Reading Formation, thickest in the
west; and the underlying laterally continuous Upnor Formation
(Ellison et al., 1994; Page and Skipper, 2000). Syn-sedimentary
faulting probably played a signiﬁcant role in controlling the vari-
ability of depositional environments and current distribution of
Lambeth Group deposits (Royse et al., 2012). Water-saturated sand
and gravel strata are known to vary in distribution and thickness “at
random”, presenting myriad potential difﬁculties for tunnelling
works (Section 2; Newman, 2009; Aldiss et al., 2012).
1.1.4. London Clay Formation
The presence of a thick layer of stiff, silty, relatively imperme-
able, lithologically monotonous marine clays under central London
has been a major factor in the early development of a deep Un-
derground railway network (Wolmar, 2004; Paul, 2009; Section 2).
The mean thickness of the London Clay beneath central London,
calculated from the borehole data, is 32 m. However, thicknesses
are known to vary widely across the London Basin, from w150 m
under Hampstead Heath, thinning to zero farther east (Wilson and
Grace, 1942). The London Clay has historically proven difﬁcult to
subdivide, owing to its homogeneity and lack of exposure; how-
ever, the upper part (the Claygate Member) has generally been
recognised as sandier than the lower parts for over a century (e.g.Whittaker, 1872). King (1981) used a combination of lithological
variation, marine ﬂooding events, and biostratigraphy, to deﬁne 5
laterally and vertically consistent divisions throughout the London
Basin (Fig. 2). This scheme was later reﬁned by Ellison et al. (2004).
The London Clay Formation is underlain by estuarine sands and
glauconitic pebble-gravels of the Harwich Formation, which rests
unconformably upon the Lambeth Group, ﬁlling deeply incised
channels. The youngest Eocene sediments of the London Basin, the
red sands of the Bagshot Formation, rest conformably on the Lon-
don Clay. These sediments cap Hampstead Heath and Primrose Hill
in north London, but were largely removed by subsequent uplift
and erosion elsewhere (Sumbler, 1996; Royse et al., 2012). Histori-
cally, engineers have planned London Underground railway tunnels
to scrupulously remain within the London Clay; Fig. 3d shows the
“box” bored under Westminster Tube Station as part of the Jubilee
Line Extension in the 1990s, the base of which was designed to
correlate with the base of the London Clay (Standing and Burland,
2006; Paul, 2009). However, the nature and engineering proper-
ties (such as permeability, natural moisture content, and plasticity)
of lower London Clay can differ considerably from those encoun-
tered higher in the series (Gourvenec et al., 2005). Other engi-
neering problems, including large and unpredictable volumetric
changes, lack of lateral continuity, and intrusion of incompetent,
water-ﬁlled sand and gravel lenses, are discussed in Section 2.
1.1.5. Alluvium
The post-Anglian evolution of the present Thames drainage
planform has been dominated by the cyclic development of a
sequence of terrace gravel aggradations under periglacial condi-
tions. This sequence is rather complex, but can be interpreted in the
context of the last 5 Milankovitch cycles, starting when Anglian ice
sheets blocked an antecedent Thames course farther north
(Bridgland, 2006; Royse et al., 2012). South and west London are
underlain by the Kempton Park Gravel Formation, which corre-
sponds to Marine Isotope Stage (MIS) 5e (w125 ka; Bridgland,
2006). Fig. 1d illustrates this superﬁcial geology, which also in-
cludes an exposure of peat at Elephant and Castle in SE London.
Older, higher terraces include the Taplow Gravel Formation (MIS 7),
and the Hackney Gravel Formation (MIS 9); their outcrop pattern
governs the steepness of the wNEeSW-trending slope from the
River Thames to the Strand (Fig. 1a and b). These terraces have been
incised by smaller tributaries of the Thames that are now buried
under layers of made ground, for instance the valley of the River
Fleet at Ludgate Circus (Figs. 1b, d and 3a; Barton, 1992). Elsewhere,
rivulets of the River Tyburn have left exposed eyots of Kempton
Park Gravels; small former islands in the Thames, upon which
Westminster Abbey was built (Fig. 1d; Berry, 1979; Paul, 2009).
The terrace sequence has proven difﬁcult to interpret with such
a high degree of anthropogenic disturbance and the creation of new
made ground (Royse et al., 2012). Berry (1979) observed 26 drift-
ﬁlled hollows (rockhead depressions) scoured into the surface of
the London Clay, coinciding with stream junctions in recent
drainage patterns. These scour hollows, up to 475mwidewith local
“cliff-like walls”, formed in response to the melting of large ice
plugs (pingos) in the London Clay, allowing the injection of water-
bearing Quaternary gravels and sands into the resultant void. Some
hollows have coupled (apparently causally) erosionwith local uplift
of the underlying solid strata, e.g. locally uplifted Lambeth Group
sediments in areas where the clay cover is relatively thin, such as
under the lower part of the Fleet valley (Berry, 1979).
1.2. Groundwater
The level of the water table beneath central London has ﬂuc-
tuated greatly over the past few centuries. Zealous water
Figure 3. (a) Ludgate Circus, looking west along Fleet Street. Pleistocene river terrace gravels have been incised by the River Fleet (Fig. 1b), which ﬂows from right to left in this
photo, forming a small valley. (b) Location of deepest borehole in central London, the Horseshoe Brewery, Tottenham Court Road, bored in 1843. Total depth ¼ 348.69 m, reaching to
Triassic New Red Sandstone. (c) Northern line London Underground tunnel, looking south from Old Street station. These tunnels are bored through sands of the Woolwich and
Reading Formations (Fig. 9c). The tunnel and station lining segments have been corroded by acidic groundwater, and were replaced in the 1970s (Rainey and Rosenbaum, 1989). (d)
Westminster Underground station. The large void containing steps and escalators are 39 m deep, and were bored to the base of the London Clay. See Fig. 1 for photo locations.
J.D. Paul / Geoscience Frontiers 7 (2016) 273e286 277abstraction from the early 19th Century led to a general fall in
groundwater levels, increasing the strength of the London Clay, but
also resulting in settlement of both the ground surface and of
buried tunnels (Marsh and Davies, 1983). As a result, the Bank of
England subsided by as much as 0.3 m from 1865 to 1931 (Wilson
and Grace, 1942). Legislation in the 1960s e and the general
decline of heavy industry and licensed water abstraction boreholes
e led to the recharge of groundwater levels, to the extent that they
are presently roughly stable, or increasing at a rate of up to
w1 mm yr1 (Marsh and Davies, 1983; Doorgakant, 1995).
Increased abstraction is now needed in some areas, as old tunnels
are threatened by the slow upward leakage of water through the
impermeable London Clay under high pressures. This has led to
increases in porewater pressures, and losses of shear strength and
bearing capacity; in other words, ﬂooding in unsealed tunnels, and
instability in those that are fully sealed, resulting from high uplift
pressures (Doorgakant, 1995).
Although modelling the variation of piezometric levels with
time is beyond the scope of this study, the course of London Un-
derground railway tunnels has been dictated in some areas by the
presence of an “upper aquifer” existing as a perched water table
within Pleistocene river terrace gravels (Standing and Burland,
2006). These water-bearing deposits ﬂank most of central Lon-
don’s “lost rivers”, such as the Westbourne, Fleet, and Tyburn, and
have inﬂuenced tunnel design and position (Section 2; Barton,
1992; Paul and Blunt, 2012).1.3. Geological modelling
Sparse borehole data have long been used to construct cross-
sections and infer the gross structure of the London Basin (e.g.
Whittaker, 1872; Dewey and Bromehead, 1921). It has become
standard practice in major new tunnelling works to generate
simple along-line geological models before construction com-
mences, using closely spaced borehole records. During boring of
the Channel Tunnel Rail Link tunnels from St. Pancras to Stratford,
boreholes were drilled every 260 m along the route to conﬁrm
stratigraphy (Woods et al., 2007). Prior to construction of the
Thames Water Ring Main in the 1990s, borehole data were
initially too sparse to elucidate hazardous features such as sub-
artesian groundwater, faults, hard ground, and sand-ﬁlled chan-
nels. However, the density was later increased to 28 boreholes
over a 4.5 km-long northern extension, which allowed an
augmented geological model to capture clusters of subvertical
faults beneath Highbury Hill, north London (Newman, 2009;
Newman et al., 2010). Such faults are often under-represented
on geological maps and sections due to a lack of information, a
general expectation of uniformity in the London Clay, and past
mapping methods. In reality, base-London Clay structure con-
tours reveal a set of discordances and deﬂections that indicate the
presence of numerous and widespread faults in the Palaeogene
succession, with movement continuing to the present day (Aldiss,
2013).
J.D. Paul / Geoscience Frontiers 7 (2016) 273e286278The most sophisticated site surveys build geological models
using a compilation of borehole data, site investigation reports, and
geophysical surveys, to image faults, scour hollows, and other dis-
continuities to a high resolution. Before construction of the Cross-
rail tunnels at Woolwich, SE London, borehole records were
combined with 2D reﬂection seismic, sidescan sonar, and magnetic
data to generate sub-surface and bedrock headmaps with a vertical
resolution of 3 m. This method also highlighted the inconsistency
of borehole records even over short (10 m) lateral distances
(Lenham et al., 2006).
Following computational advances, many previously disparate
and isolated datasets have now been digitised and combined into
powerful 3D frameworks (Ford et al., 2010; Royse, 2010; Royse
et al., 2012). Since the 1990s, the BGS has been moving from
mapping to modelling, generating 3D (and 4D) geological block
models as a standard output, in the process rolling out two soft-
ware packages, GSI3D (Geological Surveying and Investigation in
3 Dimensions), and GoCAD (Geologic Computer Aided Design)
aimed at their production (Ford et al., 2010; Royse, 2010; Aldiss
et al., 2012; Mathers et al., 2014). The general premise involves
the assembly of multiple 2D cross-sections such that they inter-
sect as a fence diagram, followed by contouring, smoothing, and
the addition of cross-cutting features such as faults. This sophis-
ticated technique has been used to generate initial models for
post-Triassic stratigraphy of the entire London Basin, an area of
some 4800 km2 (Mathers et al., 2014); to deduce the structure of
the Chalk in the same area (Royse, 2010); and to model faulted
Lambeth Group strata in a small area for construction of Crossrail
tunnels (Aldiss et al., 2012). However, these models are neces-
sarily subjective, typically involving problems with data distri-
bution and quality. Not all borehole data will be strictly honoured,
in the name of balancing geological complexity against compu-
tational constraints (Aldiss et al., 2012). Mathers et al. (2014)
selected 7174 borehole logs in the London Basin from w100,000
records, on the basis of data distribution, depth, and the level of
detail in the log. The data used in this study will be discussed in
Section 3.
2. Tunnelling
2.1. The London Underground
Civil engineers rarely have the luxury of locating tunnels in the
stratum best suited to tunnel operations. Compared to the hard
metamorphic assemblages of New York City, or the soft Quaternary
sands of Berlin, the London Clay facilitated construction of an un-
derground railway network some 35 years earlier than that of both
other cities (Paul, 2009). The predominance of tunnel lengths in the
London Clay is by design, being easily excavated, largely imper-
meable, and endowed with excellent loadbearing characteristics
(Ellison et al., 2004; Standing and Burland, 2006; Newman, 2009).
As of 2015, over 700 km of Underground tunnels have been bored
through the clay. The distribution and thicknesses of London Clay
has affected both the shape of the Underground railway network,
and the depths of the tunnels. For instance, a quick glance at the
Tube map reveals a lack of Underground tunnels in eastern and
southern regions, where the London Clay is thin or absent; how-
ever, in many of these areas, other factors such as competition from
overground railways must also be taken into account (Barton,1992;
Wolmar, 2004; Paul, 2009). Often, London Underground tunnels
follow topography, for instance the section of the Circle line be-
tween Farringdon and King’s Cross St. Pancras, which runs along
the base of the Fleet valley.
As technology and the proliferation of shallower tunnels have
progressed, railway tunnels are increasingly bored at deeper levelsin the Palaeogene series, with the new Crossrail tunnels largely
bored through Chalk (Lenham et al., 2006; Aldiss et al., 2012).
Tunnelling below the London Clay is more complicated and has
necessitated expensive techniques to stabilise the unpredictable
Lower London Tertiary deposits, including ground freezing, chem-
ical grouting, dewatering, and the use of compressed air (Lenham
et al., 2006; Woods et al., 2007).2.2. London Clay
We are only recently coming to terms with the fact that the
London Clay is not an entirely homogeneous body, which can
have deleterious consequences for tunnelling (Berry, 1979;
Gourvenec et al., 2005; Standing and Burland, 2006). This lack
of continuity generally relates to the intrusion of less well-
consolidated strata, in the form of pipes, scour hollows, and
buried river alluvium. Fissuring is greatest in the highest facies of
the clay, which can permit the ingress of water (Ellison et al.,
2004). During construction of the Brixton extension of the Vic-
toria line, a deep 5 m-wide pipe allowed water, sand and ballast
to be injected into the tunnel, when boreholes showedw12 m of
clay above (Paul, 2009). Scour hollows (Section 1.1.5) are similarly
tough to predict; construction of the Bakerloo line under the River
Thames was delayed upon striking a 15 m-deep gravel-ﬁlled
depression in the London Clay (Haigh, 1902). Furthermore, con-
struction of the Victoria line e some 60 years later ewas abruptly
halted at Green Park when the tunnel boring machine left the
London Clay to hit buried gravel terrace deposits of the River
Tyburn, which collapsed and inﬁlled a large section of the tunnel
(Barton, 1992; Wolmar, 2004).
Where geological conditions are known beforehand, tunnel-
ling works have changed accordingly. A planned extension of the
Northern line to Muswell Hill in north London, for instance, was
abandoned in the 1930s after preliminary boreholes revealed a
local thinning of London Clay along the preferred tunnel align-
ment (Barton,1992; Gourvenec et al., 2005). In central London, the
Jubilee line platforms at Westminster station (Fig. 3d) were
planned to run at the very base of the London Clay after volu-
metric losses of over 3% e and an associated lowering of shear
strength e were recorded closer to the surface (Standing and
Burland, 2006).2.3. Lambeth Group
In some areas of eastern and southern London, London Under-
ground railway tunnels were bored through the varied and variable
sands, silts, and clays of the Reading and Woolwich Formations
(often a result of thin or absent London Clay cover). These Forma-
tions are associated with their own set of challenging engineering
conditions. Northern line tunnels south of Old Street station
(Fig. 3c) were bored through sands of the Lambeth Group, and are
slowly being corroded by highly acidic or “aggressive” groundwater
(pH 3: Rainey and Rosenbaum, 1989). This water, derived from
consolidation of a very thin overlying layer of London Clay, is col-
lecting in a level of pyrite-bearing sand that is oxidised by the
piston effect of passing trains, to yield a sulphate-rich acidic water.
As a result, the tunnel lining is corroded and squeezed horizontally
by expansive pressures from the precipitation of gypsum crystals.
Again, a prior knowledge of geological conditions can affect engi-
neering work; a southern extension of the Bakerloo line in the
1960s e into Lambeth Group sediments of Camberwell and Peck-
ham ewas deemed uneconomically viable and not pursued owing
to the cost of ground consolidation techniques that would be
required (Wolmar, 2004).
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In order to produce isopachs and maps of the base of
each Palaeogene sedimentary unit, the BGS Borehole Archive
was interrogated, together with hard copies of each record
containing discussions of the geological setting (Whittaker, 1872,Figure 4. Sample record for w102 m-deep borehole at the Bank of England. Note division
(from Whittaker, 1889).1889; Dewey and Bromehead, 1921; Doorgakant, 1995; Ellison
et al., 2004). Fig. 4 shows a sample borehole record, for the Bank
of England, together with the nomenclature of the 6 main units
that are modelled in this study (i.e. made ground, drift/river
gravel/alluvium, London Clay, Lambeth Group, Thanet Sand, and
Chalk).into 6 geological units, typical practice in borehole logs continuing to the present day
Figure 5. Distribution of 8448 central London boreholes. (a) Year bored. Grey ¼ year unknown/conﬁdential. Numbered clusters: (1) London Zoo, 2005; (2) Mt. Pleasant redevelopment, 2005; (3) Millennium Footbridge, 1998; (4)
Channel Tunnel Rail Link, north of St Pancras railway station, 1997; (5) East London Line extension, 1993; (6) Crossrail, 1992; (7) Waterloo International railway station, 1990; (8) Thames Water Ring Main, 1989; (9) Docklands Light
Railway Bank extension, 1986; (10) Barbican redevelopment, 1961; (11) Natural History Museum, 1956; (12) London Planetarium, 1955; (13) Waterloo Bridge, 1937; (14) Waterloo & City Tube line, 1894; (15) Bazalgette’s Victoria
Embankment, 1863; (16) Piccadilly Tube line. (b) Purpose of boring. Grey ¼ unknown/residential/ofﬁces; blue ¼ transport; pink ¼ public building; green ¼ water/sanitation; red ¼ electricity. (c) Depth of borehole. Grey ¼ unknown
depth. (d) Black circles ¼ 1122 boreholes used in this study.
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J.D. Paul / Geoscience Frontiers 7 (2016) 273e286 281Fig. 5d shows the position of the 8448 borehole records within
central London. Following Royse (2010) and Mathers et al. (2014),
each record was thoroughly scrutinised, and selected for modelling
using the following criteria:
 Duplicate records were discarded. In the case of multiple in-
terpretations of the same borehole, the most recent or most
detailed data was selected;
 Borehole must penetrate at least 20 m depth;
 Data must be of sufﬁciently high quality (e.g. legible and
visible);
 Borehole must be at least 10 m away in any distance from
another (in order to address clustering in certain areas like the
City of London).
This process resulted in 1122 acceptable borehole records that
were used in the modelling. Fig. 5 shows the position of these
boreholes, together with their main purpose, and the date and
depth of boring (where known). Data density is greatest in the City
of London, though there are localised clusters such as the Barbican
and Mount Pleasant housing redevelopments and the Channel
Tunnel Rail link project at St. Pancras railway station; and linear
features like exploratory boreholes for Crossrail tunnels, and Joseph
Bazalgette’s 1863 Victoria Embankment (Fig. 5a). Fig. 6b illustrates
that for all 8448 records, the majority of boreholes were drilled in
the latter half of the twentieth century, with notable gaps in new
boreholes following both World Wars, and after the year 2000.
Most boreholes are very shallow (<20 m deep), though >400 are
between 120 and 160 m deep, being mostly older and focused on
the City of London and central Westminster (Figs. 5c and 6a). The
deepest borehole in central London, under the former Horseshoe
Brewery at Tottenham Court Road, is shown in Fig. 3c and extends
some 350 m beneath the metropolis. Fig. 5b illustrates the purposeFigure 6. (a) Distribution of borehole depths (wof each borehole, where noted. Data including borehole name,
position, age, total depth, depth to each stratum and strata thick-
ness, and water table level, were digitised for each of the 1122 re-
cords, and are available in the supplementary materials.
Maps of the base of each unit were then constructed by inter-
polating between each borehole point. Resolution necessarily de-
creases with depth, as progressively fewer records penetrate to the
base of the Palaeogene succession and beyond. While 1105 bore-
holes record the base of the alluvium, 1097 record base London
Clay, 567 base Thanet Sand, and only 6 penetrate through the entire
Chalk succession.
Following a Freedom of Information request, the depths of each
London Underground station platform were obtained and are
included in the supplementary materials (Transport for London,
2015, personal communication). These data were used to construct
geographically accurate maps of the London Underground network
in central London, and to compare them with topography and ge-
ology. Geological cross-sections along the central course of 3 Lon-
don Underground railway tunnels were then prepared by
extracting the along-tunnel depth values from each base-layer grid.
Paul (2009) attempted a similar but less sophisticated comparison
between Tube line depths and discrete borehole records at indi-
vidual Tube stations.
4. Results
Figs. 7 and 8 show the base of each unit in metres Above
Ordnance Datum (mAOD), and their thicknesses. Data for the Chalk
(Figs. 7f and 8f) were incomplete, so a different scale has been used
to emphasise that the thickness is a minimum, constrained by
relatively shallow borehole depths. Due to the inclusion of every
single borehole record in the gridding calculations, a lack of spatial
damping, and some inconsistencies between neighbouringhere known); (b) same for year of boring.
Figure 8. Thickness of 6 geological units. Black points ¼ borehole data used for each surface. (f) Only 6 boreholes recorded full thickness of Chalk (see Fig. 7). This map is therefore a
minimum layer thickness and has been coloured differently.
Figure 7. Elevation of base of 6 geological units with respect to Ordnance Datum. Black points ¼ borehole data used for each surface. (f) Only 6 boreholes recorded the base of the
Chalk: at Bunhill Row, Barbican (252 mAOD); Duchy Street, Southwark (242 mAOD); Throgmarton Street, City of London (238 mAOD); Bank of England (230 mAOD);
Horseshoe Brewery, Tottenham Court Road (Fig. 3b: 222 mAOD); and Trinity Square, City of London (216 mAOD). This surface is therefore an upper-bound and has been coloured
differently.
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Figure 9. Central network of deep London Underground railway tunnels.
Brown ¼ Bakerloo line; red ¼ Central line; grey ¼ Jubilee line; black ¼ Northern line;
dark blue ¼ Piccadilly line; light blue ¼ Victoria line. (a) Base of London Clay and
platform level with respect to Ordnance Datum. At intersections, note that different
lines have different platform depths. (b) Surface elevation and platform depths. (c)
Position of platforms with respect to the base of London Clay. Red circles ¼ platforms
below this level, i.e. in Reading/Woolwich Formations. BeB0 , CeC0 , VeV0 ¼ position of
along-Underground line cross-sections (Fig. 10).
J.D. Paul / Geoscience Frontiers 7 (2016) 273e286 283borehole records, some artefacts are apparent. However, this noise
is relatively short wavelength and should not distract from the
gross pattern of thickness variations that has been computed.
The thin mantle of made ground and Quaternary alluvium is of a
relatively consistent thickness across central London; 90% of values
for both datasets fall within 2 and 8 m. The proportion of made
ground thickens slightly to the south. As a result, base-alluvium
topography closely approximates surface topography (Fig. 7b).
Variations in thickness of the London Clay are more striking. Fig. 8c
shows aw10 km wide ﬁnger of thick clay extending across central
London along an orientation parallel to the London Basin axis.
Thicknesses in the centre of this ﬁnger reach 40e45 m; however,
the London Clay rapidly thins both to the north and south, to zero
under Bermondsey (SE London) and along the Fleet valley. Inter-
estingly, the northern edge of the ﬁnger is closely described by the
present course of Oxford Street. The clay thickens westward,
reaching over 70 m in localised areas beneath Buckingham Palace
and St. John’s Wood.
Although lithologically highly variable, the thickness of the
Lambeth Group deposits is the most consistent of all the units
across central London; 75% of all boreholes recorded a thickness of
between 18 and 21 m. The Thanet Sands, however, thickened
considerably to the SE, with a mean thickness of 12 m south of the
River Thames (c.f. 6.5 m on the north side). The Chalk is harder to
interpret, owing to the paucity of records that measured the posi-
tion of its base, though those that did gave total thicknesses of
162e192 m. Fig. 7 indicates a gentle ENEeWSW-trending, W-
plunging synformal structure at the base of the London Clay, which
extends across the very centre of London, and becomes more
exaggerated with depth. Following a structural high north of Ox-
ford Street, the stratigraphy appears to gently decrease in elevation
again to the north and east.
Fig. 9 is a comparison of this stratigraphy to the position of
London Underground railway tunnels. Station platform level ap-
pears to be largely independent of the position of the London Clay/
Lambeth Group boundary (Fig. 9a). Instead, the practicalities of
tunnelling relatively close to surface level have prevailed (e.g. the
sharp upward gradients in the Bakerloo line as it travels NW away
from central London). Fig. 9c shows platform position with respect
to a base-London Clay datum. Where the London Clay is thin or
absent (e.g. in the NE or extreme S), Tube tunnels have been bored
through strata of the underlying Lambeth Group. In areas where the
topography or London Clay thickness is greater, tunnels are driven
through higher levels of the clay series. These higher levels are
followed across a patch of central London that approximates the
ENEeWSW ﬁnger of thicker clays (Figs. 8c and 9c).
Fig. 10 shows 3 geological cross-sections that follow the
Bakerloo, Central, and Victoria lines. The most obvious point is
that the majority of tunnels have been driven through London
Clay, at deeper levels where the cover is thinner. While the level of
the Underground railway tunnels roughly approximates surface
topography, there are notable exceptions: Central line platforms
at St. Paul’s station are deeper than those either side and appear to
follow the stratigraphy; and the Victoria line plunges into Lam-
beth Group strata at Euston. Also, the elevation of Central line
tunnels is unaffected by crossing the Westbourne and Tyburn
valleys. All cross-sections illustrate the deep central London Clay
basin, reaching its greatest thickness where the Tube lines cross at
Embankment, between Green Park and Victoria, and at St. Paul’s.
An antiformal structure in the Chalk appears to have raised
Lambeth Group and Thanet Sand strata, thinning the London Clay,
in a block north of Oxford Circus. The Lower London Tertiaries
thicken noticeably towards the S and E; the London Clay thickens
westward to w60 m at Paddington and Notting Hill Gate. River
alluvium and made ground are thickest ﬂanking major rivervalleys (e.g. the Central line dissecting the Westbourne and
Tyburn valleys), and across the lowest river terrace (Kempton Park
Gravels).
5. Discussion
The London Clay exhibits signiﬁcant variations in thickness
across central London. 7 borehole records showed river gravels and
alluvium to lie discordantly on Lambeth Group sands, with no
separating clay cover. The absence of London Clay at Farringdon
could be linked to the presence of a cluster of deep scour hollows
Figure 10. Geological cross-sections following 3 London Underground railway lines. BeB0: Bakerloo line; VeV0: Victoria line; CeC0: Central line. See Fig. 9 for station locations.
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J.D. Paul / Geoscience Frontiers 7 (2016) 273e286 285there. Berry (1979) noted the complex late Pleistocene history of
the Fleet valley in this area, arguing that erosional scouring had
been coupled with localised uplift of the Reading Formation,
resulting in local and unmapped inliers. Certainly, the irregularity
of the base-London Clay surface could reﬂect extensive scouring
under colder, periglacial regimes. It is likely that numerous small
faults cross-cut the area; no attempt has been made at interpre-
tation. These faults could bound a graben aligned with the Fleet
valley, though differential movement during Pleistocene times is
unlikely to have exceeded 4 m (Aldiss, 2013).
The ENEeWSW-oriented ﬁnger of thick London Clay strata
indicates that the axis of the London Basin crosses the very centre
of the city. An anticlinal feature was discovered in the Chalk north
of Oxford Street, which dramatically thins the London Clay by up
to 50 m over distances as short as 1 km. This structure has
previously been described as “an uplifted block” and a “shallow
anticline, centred on the British Museum, the focus of thick
Bullhead Beds” (Berry, 1979; Newman, 2009). Aldiss et al. (2012)
described the difﬁculty of boring the new Crossrail tunnels
though this “structural block”, requiring passage through Lam-
beth Group and Thanet Sand sediments, because the London Clay
is generally thin (<5 m).
In general, however, the London Clay thickens with distance
west, while the Lower London Tertiaries thicken to the SE, which
agrees with regional geological studies of the London Basin
(Sumbler, 1996; Ellison et al., 2004). While mapping borehole data
is an excellent and relatively simple method of producing strata
thicknesses, there are limitations. Interpreting borehole geology is
subjective: even records at the same locality might demonstrate
striking differences, based on the prevailing geological nomen-
clature at the time of writing. In spite of the lack of sophistication
relative to other models that incorporate additional data
(e.g. Royse, 2010; Mathers et al., 2014), this technique illustrates
the power of modelling an expansive dataset in a simple fashion.
It is also objective and has involved a minimum of damping,
insertion of fault networks, or delineation of arbitrary individual
sub-units. A higher density of data was used compared to Mathers
et al. (2014), who scrutinised 7174 borehole logs for the entire
London Basin.
Taking transects through these maps has facilitated compari-
sons of stratigraphy to the London Underground network at much
higher resolutions than hitherto (Paul, 2009). While Figs. 9 and 10
show that most tunnels do indeed run through London Clay, their
position is inﬂuenced by thickness variations, as well as surface (or
base-drift) topography. Where the London Clay is thick, tunnels
have been driven through the upper levels of the series; in areas of
localised thinning, tunnels have penetrated the Lower London
Tertiaries, which is more problematic and expensive to bore
through. However, Pleistocene alluvium and drift have been more
strenuously avoided, though “construction calamities” are still
possible if unforeseen sand-ﬁlled lenses or scour hollows are struck
(Barton, 1992).
6. Conclusions
Mapping a high density of borehole data has elucidated
important information about the geological structure beneath
central London. London Clay is thickest in the west of the city, and
along a thin ﬁnger that extends eastward, over the axis of the
London Basin. Either side of this feature are uplifted, anticlinal
blocks in the Chalk where Lower London Tertiary strata thicken at
the expense of the clay cover. This cover is not of uniform thickness
e large changes are observed over very short distances e and is
probably governed by erosional scouring during periglacial times,
and small-scale (but extensive) faulting that continues to thepresent day. Although London Clay is an excellent tunnelling me-
dium and most London Underground railway tunnels have been
driven though it, the clay is not as homogeneous as previously
thought. Tunnel position varies, entering the Lower London Ter-
tiaries where the clay is thin. In general, alignments closely follow
topography, both surface and geological. The high resolution of the
isopach maps and geological cross-sections show what can be
achieved by exploiting freely available data in a simple but rigorous
manner.
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